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Lymphocytic interstitial pneumonia of HIV-infected individuals and SIV pneumonia of macaques are both characterized by
diffuse infiltration of the lungs with lymphocytes, plasma cells, and macrophages. This study was undertaken to determine
whether there are specific, macrophage-tropic genotypes that selectively replicate in the lung of macaques with SIV
pneumonia, as in SIV encephalitis. Using a rapid, reproducible SIV/macaque model of AIDS, 11 pig-tailed macaques were
intravenously inoculated with an immunosuppressive viral strain, SIV/DeltaB670, and a macrophage-tropic molecule clone,
SIV/17E-Fr, and euthanized at 3 months postinoculation. All 11 macaques had severe (6 macaques) or moderate (5
macaques) pneumonia. To identify the viral genotypes that were replicating in the lung parenchyma, bronchoalveolar lavage
(BAL) cells, and peripheral blood mononuclear cells (PBMC) of each macaque, RNA was isolated and the SIV env V1 region
was amplified, cloned, and sequenced. Lung homogenates and BAL cells contained a more limited repertoire of viral
genotypes than PBMC. SIV/17E-Fr was the major genotype in the lungs of 5 macaques and in BAL cells of 6 macaques. The
remainder of the macaques had SIV/17E-Fr and the macrophage-tropic strains of SIV/DeltaB670 clones 2 and 12. In contrast,
SIV/17E-Fr was the predominant strain in the PBMC of only 3 of 11 macaques. The viral strain that predominated in PBMC
was rarely the strain that predominated in the lungs (only 3 of 11 macaques). The severity of pulmonary lesions did not
correlate with the levels of viral RNA in lung homogenates or in plasma. However, when only SIV/17E-Fr was expressed in
the lung, the viral load in the lung was significantly higher (P 5 0.016) than when SIV/DeltaB670 was present alone or in
combination with SIV/17E-Fr. These data suggest that SIV pneumonia is associated with selective replication of specific
macrophage-tropic genotypes in the lung and that SIV/17E-Fr has a selective advantage for replication in the lung. © 2001
Academic Press
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tINTRODUCTION
Simian immunodeficiency virus (SIV) represents a
group of nonhuman primate lentiviruses that are closely
related to human immunodeficiency virus types 1 (HIV-1)
and 2 (HIV-2) (Chakrabarti et al., 1987; Daniel et al., 1985;
esrosiers, 1990; Desrosiers et al., 1989). In macaques,
IV causes a fatal disease with clinical manifestations
imilar to those of AIDS in humans (Chalifoux et al., 1987;
etvin et al., 1985). Like HIV, SIV exist in the host as a
uasispecies (Burns and Desrosiers, 1991; Delwart and
ordon, 1997; Goodenow et al., 1989) and strains within
single host may vary in cell tropism and pathogenicity.
ymphocyte-tropic strains replicate in both primary lym-
hocytes and lymphocytic cell lines and cause immuno-
uppression leading to secondary opportunistic infec-
ions and AIDS. Macrophage-tropic strains replicate in
1 To whom correspondence and reprint requests should be ad-
ressed at Retrovirus Laboratory, Jefferson St. Bldg. Rm. 3-127, Johnsg
e
opkins University School of Medicine, 600 N. Wolfe St., Baltimore, MD
1287. Fax: (410) 955-9823. E-mail: mczink@mail.jhmi.edu.
371acrophages and lymphocytes and cause specific
athological syndromes, including encephalitis (Clem-
nts et al., 1994; Mankowski et al., 1997; Zink et al., 1997)
nd pneumonia in the lung (Baskin et al., 1991; Man-
owski et al., 1998).
One of the major pulmonary complications of HIV infec-
ion is lymphocytic interstitial pneumonia (LIP), which af-
ects 30 to 50% of children infected perinatally and a smaller
roportion of adults (Jason et al., 1988; Pizzo et al., 1988). LIP
s characterized by diffuse interstitial infiltrates of lympho-
ytes, macrophages, and plasma cells (Agostini et al., 1996;
oshi et al., 1985). It is not known whether specific viral
trains are associated with the development of HIV pneu-
onia, nor whether both macrophage-tropic and lympho-
yte-tropic strains of virus play a role in the development of
ulmonary lesions. However, studies have shown that
IV-1 isolates from the lungs are typically macrophage-
ropic and non-syncytium inducing (Schuitemaker et al.,
992; van’t Wout et al., 1998). It also has been shown that
he viral species in the lungs of HIV-1-infected patients are
enetically distinct from those in the blood (Alimohammadi
t al., 1997; Itescu et al., 1994).
0042-6822/01 $35.00
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372 BABAS ET AL.SIV infection of juvenile macaques results in pneumo-
nia with many similarities to LIP in HIV-infected children
(Baskerville et al., 1992; Desrosiers et al., 1991; Man-
kowski et al., 1998). Affected lungs have interstitial, peri-
bronchial, and perivascular infiltrates predominantly of
lymphocytes and macrophages. Macrophages and
multinucleated giant cells are more prominent in the
pneumonia caused by SIV than in HIV-induced LIP. This
predisposition for the formation of giant cells is also
seen in other tissues of SIV-infected macaques, includ-
ing lymph nodes, spleen, and intestine (Heise et al.,
1993).
This study was initiated to determine whether the
development of SIV pneumonia was associated with
selective replication of specific virus genotypes in lung
tissue and bronchoalveolar lavage cells (BAL). Previous
studies had shown selective replication of macrophage-
tropic viruses in the brains of macaques with SIV (Zink et
l., 1997). A rapid, reproducible SIV/macaque model of
IDS was used in which pig-tailed macaques are co-
noculated with a macrophage-tropic, neurovirulent
lone, SIV/17E-Fr, and an immunosuppressive viral
train, SIV/DeltaB670 (Zink et al., 1999). The viral geno-
ypes identified in the lungs of macaques with SIV pneu-
onia were almost exclusively macrophage-tropic, with
IV/17E-Fr and two SIV/DeltaB670 genotypes predomi-
ating. In contrast, a much more diverse variety of ge-
otypes were present in PBMC. These results demon-
trate that macrophage-tropic virus strains selectively
eplicate in the lungs of macaques with SIV pneumonia,
finding that parallels the selective replication of mac-
ophage-tropic strains in the brains of macaques with
IV encephalitis.
RESULTS
FIG. 1. Sequence alignment of the SIV envelope V1 region. Envelope
etected in the virus inoculum used in this study are reported elsewhe
molecular clone SIV/17E-Fr is also represented. Dots indicate amino aThis report was stimulated by two experimental find-
ngs. First, previous studies of macaques inoculated us-ing our rapid, reproducible model of SIV had shown
selective replication of specific viral strains, in particular
SIV/17E-Fr, in the brains of macaques with encephalitis
(Zink et al., 1997). Since HIV pneumonia, like HIV enceph-
alitis, is associated with replication of macrophage-
tropic virus, we were interested in determining whether
the highly macrophage-tropic virus SIV/17E-Fr and/or
macrophage-tropic strains within the SIV/DeltaB670
swarm selectively replicated in the lungs of SIV-infected
macaques with pneumonia. Second, infection of cultured
blood-derived lymphocytes, monocyte-derived macro-
phages, and bronchoalveolar lavage macrophages with
SIV/DeltaB670 showed that while 11 different genotypes
replicated in the lymphocytes, only 2 and 3 SIV/
DeltaB670 genotypes replicated in the blood- or bron-
choalveolar lavage-derived macrophages, respectively.
The question arose as to whether these particular mac-
rophage-tropic genotypes selectively replicated in the
lung, causing pneumonia.
Infection of cultured lymphocytes and macrophages
with SIV/DeltaB670
To identify the growth characteristics of specific geno-
types within the SIV/DeltaB670 swarm, IL-2-activated
PBL, monocyte-derived macrophages, and cultured BAL
macrophages from uninfected pig-tailed macaques were
infected with stock SIV/DeltaB670. The SIV/DeltaB670
swarm was previously shown to consist of many geno-
types identified by the nucleotide sequence analyses of
the V1 region of the envelope (Amedee et al., 1995;
Martin Amedee et al., 1996). The consensus amino acid
sequence of the V1 region of the envelope of the SIV/
DeltaB670 genotypes and SIV/17E-Fr are shown in Fig. 1.
Infected cells were harvested at 14 days postinoculation,
RNA was isolated, and the V1 region of the env gene was
gion amino acid sequence alignments of SIV/DeltaB670 quasispecies
edee et al., 1995; Martin Amedee et al., 1996). The V1 sequence of the
ntity and dashes indicate gaps inserted to maintain alignment.V1 reamplified by RT–PCR, cloned, and sequenced. Eleven
different clones were detected in the peripheral blood-
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373SELECTIVE REPLICATION OF SIV IN MACAQUE LUNGSderived lymphocytes (Fig. 2). In contrast, only 3 clones
were detected in monocyte-derived macrophages; clone
12 represented 70% of 50 cloned sequences and clones
2 and 3 represented 20 and 10%, respectively. Clone 12
was also the predominant genotype replicating in BAL
macrophages, representing 66% of the cloned se-
quences; clone 2 was the only other genotype that rep-
licated in these cells (34%). Thus, only SIV/DeltaB670
clones 2, 3, and 12 were macrophage-tropic.
Immune status and pneumonia of SIV-infected
macaques
To determine whether SIV pneumonia is associated
with replication of specific viral strains in the lung, a
rapid, reproducible model of SIV infection was used (Zink
et al., 1999). Eleven macaques were co-inoculated with
the virus clone SIV/17E-Fr and the virus swarm SIV/
DeltaB670. The immune status of the 11 inoculated ma-
FIG. 2. Percentage of SIV/DeltaB670 genotypes after infection of
cultured blood-derived lymphocytes, monocyte-derived macrophages,
and alveolar macrophages.
FIG. 3. Peripheral blood absolute CD41 T lymphocyte counts of 11
noculated control animals (M18013, M18130, and M18180). CD41 lymphocyte
macaques.caques and 3 control animals was tracked by measuring
CD41 lymphocyte counts by flow cytometry before inoc-
lation and every 2 weeks during infection. The CD41 T
ell counts dropped dramatically in infected macaques
uring the first week postinoculation and then partly
ebounded in some animals in the second week. In all 11
noculated macaques, CD41 lymphocyte counts declined
apidly during the third week after inoculation and there-
fter declined more gradually (Fig. 3). At 3 months posti-
oculation, the CD41 cell counts had dramatically de-
clined from preinoculation values (56 to 97%) in all in-
fected macaques (Table 1). CD41 T cell counts of the
mock-inoculated macaques remained stabled through-
out the study.
Microscopic examination revealed pulmonary lesions
in all 11 macaques, classified as severe (6 macaques) or
moderate (5 macaques) (Table 1), based on the overall
amount of pulmonary tissue with lesions and the degree
of lymphocytic infiltration in the interstitium (Fig. 4). His-
tological lesions consisted of perivascular, peribronchial,
and interstitial infiltrates of lymphocytes and macro-
phages, expansion of bronchus-associated lymphoid tis-
sue, and the presence of multinucleated giant cells.
Selective replication of SIV genotypes in the lung
The macaques were perfused with sterile saline prior
to euthanasia to remove infected peripheral blood mono-
nuclear cells from the vasculature, thus allowing accu-
rate identification and comparison of viral genotypes
present in the lung versus the blood. DNA and RNA were
extracted from two different lung tissue sections to en-
sure broader sampling. The V1 region of the env gene
was used as a signature sequence to identify the geno-
types present in the lung and the blood because it
distinguishes between SIV/17E-Fr and the various sub-
strains of SIV/DeltaB670 (Fig. 1) and is the most variable
ques co-inoculated with SIV/17E-Fr and SIV/DeltaB670 and 3 mock-maca
counts declined rapidly after inoculation and remained low in infected
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374 BABAS ET AL.region of the SIV envelope (Amedee et al., 1995; Burns
and Desrosiers, 1991; Overbaugh et al., 1991).
To determine whether certain viral genotypes repli-
cated selectively in the lung, five RT–PCR reactions were
performed from each of two separate samples of lung
tissue from each monkey using primers that amplify all
V1 genotypes from SIV/17E-Fr and SIV/DeltaB670. The
PCR products were cloned and 400 individual colonies
were transferred into nitrocellulose membrane and hy-
bridized with a specific oligonucleotide to detect any
SIV/17E-Fr V1 sequences present. The number of posi-
tive colonies represented the percentage of SIV/17E-Fr
clones present in the 400 clones. Sixty negative clones,
indicative of SIV/DeltaB670 V1 sequence, were se-
quenced and the percentage of each SIV/DeltaB670
clone was calculated. Nucleotide sequence analysis of
the V1 region of the env gene revealed that in 9 of the 11
T
Severity of Pneumonia, Peripheral Blood CD41 T Cell
Animal ID Severity of lung lesions
Percentage of de
in blood CD41 c
M18031 Severe 83
M18033 Severe 85
M18242 Severe 64
MV389 Severe 81
MV708 Severe 56
MV387 Severe 65.4
MV713 Moderate 80
M17834 Moderate 88.6
M18292 Moderate 89
MV394 Moderate 97
MV715 Moderate 70
M18013 None 8
M18130 None 2
M18180 None 10
FIG. 4. Pulmonary lesions in SIV-inoculated macaques. (a) Photomic
showing dense infiltrates of lymphocytes and macrophages within the i
lymphocytic pneumonia demonstrating moderate thickening of intra-alveola
Photomicrograph of lung tissue from an uninfected control macaque (H & Eacaques studied, a single genotype predominated in
he lungs, representing at least 50% of the clones de-
ected in this tissue (Fig. 5). SIV/17E-Fr was the predom-
nant strain in the lungs of 5 of these 9 macaques.
IV/DeltaB670 clone 2 was the predominant genotype in
he lungs of 3 macaques and clone 12 predominated in
macaque. Thus, a macrophage-tropic virus predomi-
ated in the lungs of all macaques with pneumonia. In
act, macrophage-tropic viruses (SIV/17E-Fr or SIV/
eltaB670 clones 2, 3, or 12) represented 97% of the
enotypes present in the lungs of all macaques (Fig. 5).
hese data provide strong evidence that viral replication
n macrophages plays an important role in the pathogen-
sis of SIV pneumonia.
SIV/17E-Fr was more commonly detected in BAL cells
50%) than in PBMC (21%; Fig. 6); this difference was
tatistically significant (P 5 0.035). SIV/17E-Fr was also
es, and Viral Load in Infected and Control Macaques
Terminal plasma viral load
(3106 SIV copies/ml)
Terminal viral RNA levels
in lung homogenates
(3106 SIV copies/mg
of total RNA)
64 0.4
77 0.2
300 0.1
110 3.5
9.8 0.5
13 3
2.7 0.2
45 0.2
69 1.3
41 9.7
6.7 0.1
0 0
0 0
0 0
h of lung tissue from a macaque with severe lymphocytic pneumonia
um. (b) Photomicrograph of lung tissue from a macaque with moderateABLE 1
Declin
cline
ellsrograp
nterstitir septa and perivascular interstitium by infiltrating lymphocytes. (c)
stain; original magnification, 2003).
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375SELECTIVE REPLICATION OF SIV IN MACAQUE LUNGSmore commonly detected in lung homogenates (44%)
than PBMC; this difference approached but did not reach
significance (P 5 0.126). There was no significant dif-
erence in the frequency of detection of SIV/DeltaB670
lone 2 in lung homogenates and BAL cells compared to
BMC. SIV/DeltaB670 clone 12 was less commonly de-
ected in BAL cells (12%) than in PBMC (41%); this differ-
nce was statistically significant (P 5 0.018). SIV/
eltaB670 clone 12 was also less commonly detected in
ung homogenates (26%) than PBMC; this difference ap-
roached but did not reach significance (P 5 0.155).
ogether, these data suggest that SIV/17E-Fr is pneumo-
irulent, whereas SIV/DeltaB670 clones 2 and 12 are not.
he prominence of the macrophage-tropic virus SIV/
7E-Fr in the lungs of macaques with pneumonia paral-
els previous studies in which SIV/17E-Fr was the major
irus replicating in the brains of macaques with severe
ncephalitis (Zink et al., 1997).
Macaques with pneumonia had fewer genotypes in
FIG. 5. Comparison of the percentage of different genotypes de-
tected in lung homogenates, bronchoalveolar lavage (BAL) cells, and
PBMC at 3 months postinoculation in 11 pig-tailed macaques co-
inoculated with SIV/17E-Fr and SIV/DeltaB670.AL than in PBMC (mean of 2.0 genotypes vs 3.7 geno-
ypes); this difference was statistically significant (P 5.007). Macaques with pneumonia also tended to have
ewer genotypes in the lung than in PBMC (mean of 2.9
enotypes vs 3.7 genotypes); this difference approached
ut did not reach statistical significance (P 5 0.165).
hese data suggest that there is a more limited number
f genotypes replicating in the lung of macaques with
neumonia than in the PBMC.
In only 3 of the 11 infected macaques (M18031, MV387,
nd M18292) was the genotype that predominated in the
ung the same as that which predominated in PBMC at
he time of death (Fig. 5). In another 5 macaques (MV389,
V708, M17834, MV394, and MV713) the predominant
enotype in the lung was, however, well represented in
BMC. In the remaining 3 macaques (M18033, M18242,
nd MV715), the genotype that predominated in the lung
as either not present in PBMC or represented 10% or
ess of the clones identified in PBMC. Three macaques
MV387, MV389, and MV394) with severe to moderate
ung lesions had a single genotype (SIV/17E-Fr) replicat-
ng in their lung despite the presence of multiple geno-
ypes in their PBMC. Thus, although the lung is a highly
ascular organ with PBMC circulating through its capil-
aries at a very high volume, viral strains in the pulmo-
ary parenchyma replicate independently of those in the
BMC.
ack of latent virus strains in the lung
To investigate whether there was nonreplicating latent
irus present in the lung, the V1 region of the env gene
as PCR-amplified from DNA extracted from lung ho-
ogenates using the same protocol used to clone and
equence V1 from total RNA extracts. In all animals, the
enotypes of the virus found in DNA were the same as
FIG. 6. Comparison of the frequency of detection of SIV/17E-Fr and
SIV/DeltaB670 Cl-2 and Cl-12 in lung homogenates, BAL cells, and
PBMC of 11 infected macaques. Dark, gray, and white bars represent
the mean frequency of detection of genotypes in lung, BAL cells, and
PBMC, respectively. Arrows above bars indicate P values for the indi-
cated comparisons.
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376 BABAS ET AL.those found when RNA was examined. This indicates
that the viral strains that are selected for replication in
the lung replicate productively and that no other strains
remain in the lung in a latent form.
Selective replication of SIV in BAL cells
A single genotype predominated in BAL cells from all
11 macaques. SIV/17E-Fr was the predominant genotype
in BAL cells from 6 macaques, SIV/DeltaB670 clone 2
predominated in 3 macaques, and clone 12 predomi-
nated in the remaining 2 macaques (Fig. 5). SIV/
DeltaB670 clones 3 and 13 were also identified in BAL
cells in smaller percentages. As in the lung, the vast
majority of the genotypes detected in BAL were mac-
rophage-tropic.
SIV/17E-Fr was the predominant virus in BAL cells
from five of six macaques with severe pneumonia, al-
ways representing more than 65% of the genotypes iso-
lated; in three macaques it was the only genotype
present in BAL cells. This provides further evidence for
the role of this macrophage-tropic virus in the pathogen-
esis of SIV pneumonia.
In 7 of 11 macaques the genotype that predominated
in BAL was the same as that which predominated in the
lung (Fig. 5). The variety of genotypes was more limited
in BAL than in the lung; the numbers of different geno-
types in the lung and BAL cells were 2.9 and 2.0, respec-
tively. This difference may reflect differences in the per-
centages of macrophages and lymphocytes in the lung
interstitium versus the alveoli; BAL cells are predomi-
nantly macrophages.
Severity of lung lesions and viral RNA levels
The relationship between the viral genotypes present
in the lung and viral RNA load was explored to determine
whether certain genotypes replicate to higher titers in
the lung. The macaques were perfused with sterile sa-
line prior to death to allow accurate measurement of viral
RNA levels in lung parenchyma without contaminating
blood. We have previously shown that perfusion removes
sufficient blood from the vascular system that virus in
blood cannot be detected in tissue homogenates (Zink et
l., 1999). We therefore believe that the viral RNA de-
ected in the lungs of these macaques truly reflects viral
ene expression in the lung parenchyma, not in contam-
nating blood. There was no correlation between severity
f pulmonary lesions and the level of viral RNA in lung
omogenates (R 2 5 0.2) or in plasma sampled at ne-
ropsy (Table 1). This suggests that, while virus replica-
ion is required for pneumonia, the severity of the pul-
onary lesions may not be a direct result of the level of
irus replication in the lung or in peripheral blood. This
inding is in concordance with previous studies in which
he severity of SIV pneumonia also was not associated
t
cith virus RNA levels as shown by in situ hybridization
Mankowski et al., 1998).
However, macaques in which SIV/17E-Fr was the only
virus replicating in the lung had significantly higher viral
RNA levels (P 5 0.016) in the lung than macaques in
which SIV/DeltaB670 was replicating. Macaques with
only SIV/17E-Fr in the lungs (n 5 3) had a mean of 5.4 3
106 copies of viral RNA/mg of total RNA; those with
IV/DeltaB670 genotypes in the lung alone or in combi-
ation with SIV/17E-Fr (n 5 8) had a mean of 3 3 105
viral RNA copy/mg of total RNA in the lung (Table 1).
DISCUSSION
In this study, the SIV/macaque model was used to
nvestigate the role of selective replication of specific
irus genotypes in the lung in the pathogenesis of lym-
hocytic interstitial pneumonia. The results strongly sug-
est that the macrophage-tropic virus SIV/17E-Fr is par-
icularly adapted for replication in the lung and is pneu-
ovirulent. Eleven pig-tailed macaques co-inoculated
ith SIV/17E-Fr and SIV/DeltaB670 developed severe
n 5 6) to moderate (n 5 5) pneumonia. The lesions
ere similar to those reported for HIV-associated lym-
hocytic interstitial pneumonia characterized by perivas-
ular, peribronchial, and interstitial infiltrates of lympho-
ytes and macrophages (Joshi et al., 1985; Pitt, 1991;
ravis et al., 1992). The SIV/macaque model has again
emonstrated its value in examining the pathogenesis of
IV-associated diseases and has extended our under-
tanding of the mechanisms that contribute to HIV-asso-
iated lymphocytic interstitial pneumonia.
The predominant genotype in the lungs of all ma-
aques with pneumonia was a macrophage-tropic virus.
his is interesting, given that the inflammatory response
n the lungs consists not only of macrophages but also of
arge numbers of lymphocytes. The majority of lympho-
ytes in our lung homogenates probably originate from
he blood, although some of them may be derived from
ronchus-associated lymphoid tissue. Our presumption
as, therefore, that a significant percentage of the pul-
onary lymphocytes would contain lymphocyte-tropic
iruses. Further, with the extensive inflammatory re-
ponse and the lack of a physical barrier between blood
nd lung, we thus expected a genotype profile in the
ungs that more closely represented what was found in
he PBMC. This clearly was not the case, with 97% of the
enotypes identified in the lung being macrophage-
ropic. The predominance of macrophage-tropic viruses
n the lungs of macaques with SIV pneumonia parallels
indings in children with HIV-associated lymphocytic in-
erstitial pneumonia (Jason et al., 1988; Pizzo et al., 1988).
There were fewer genotypes in the lung and BAL cells
han in PBMC, indicating that there is selective replica-
ion of certain genotypes in the lung. These findings are
onsistent with those of studies of HIV-infected patients
B377SELECTIVE REPLICATION OF SIV IN MACAQUE LUNGSin which more limited genetic variation of viruses was
seen in the lung than in the blood (Nakata et al., 1995).
One reason for the limited replication of genotypes in the
lung of macaques with pneumonia may be that the pul-
monary inflammation is indicative of a strong CTL re-
sponse to virus in the lung (Agostini et al., 1996; Plata et
al., 1987; Trentin et al., 1996). This CTL response may be
directed against certain strains of virus, which would
then not be represented in the mix of genotypes recov-
ered form pulmonary parenchyma.
In 7 of 11 macaques, the genotype that predominated
in the BAL cells was the same as that which predomi-
nated in the lung. Since BAL cells originate from pulmo-
nary parenchyma, one might expect to always identify
the same complement of viruses in these two compart-
ments. However, BAL cells consist mainly of macro-
phages, with small numbers of lymphocytes, so some
selection for viruses replicating in macrophages would
probably occur in the process of cells moving from the
interstitium to the alveoli. This may account for the dif-
ferences seen in the complement of genotypes in the
lung and BAL cells. The potential for differences between
viruses replicating in BAL cells and lung parenchyma
should be taken into account when using BAL cells from
HIV-infected patients to track event occurring in the
lungs.
Interestingly, when SIV/17E-Fr was the sole virus rep-
licating in the lung, virus RNA levels were significantly
higher than when SIV/DeltaB670 was present alone or in
conjunction with SIV/17E-Fr. Although this suggests that
SIV/17E-Fr is particularly adapted for replication in the
lung, it does not explain why pulmonary viral load did not
remain high in the lungs of macaques with a high pro-
portion of SIV/17E-Fr in the lung and only a small pro-
portion of SIV/DeltaB670. It is possible that the presence
of SIV/DeltaB670 in the lung induces a particularly strong
antiviral immune response, either directly through pro-
duction of antiviral CTL or indirectly through induction of
a different complement of cytokines or chemokines that
result in a lower viral load.
Previous studies had reported a trend toward in-
creased virus gene expression in the lungs of macaques
with more severe lesions, shown by immunohistochem-
istry and in situ hybridization (Baskerville et al., 1992;
askin et al., 1991). However, in this study, using more
sensitive and direct methods for the quantification of
virus RNA levels, and in previous studies from this lab-
oratory, we did not find any relationship between severity
of pneumonia and viral RNA replication levels in the lung
(Mankowski et al., 1998). These findings are consistent
with our hypothesis that SIV-related pneumonia repre-
sents an immunopathological response to SIV.
The selective replication of SIV/17E-Fr in the lung
parallels our finding in the brain. In a previous study
examining the genotypes in the brain of macaques inoc-
ulated with the same dual virus protocol (Zink et al.,
s
v1997), SIV/17E-Fr was the major genotype identified in
the brains of macaques with severe or moderate en-
cephalitis. The combined results of these studies sug-
gest that the macrophage-tropic virus SIV/17E-Fr has a
particular affinity for entering and replicating in the brain
and the lung. The association between this macrophage-
tropic virus and organ-specific disease may have impor-
tant implications for HIV infection in human. It suggests
that the genotypes that predominate in blood may not
reflect those in specific tissues, emphasizing the impor-
tance of targeting antiviral therapy to specific organs.
HIV-induced pneumonia is strongly associated with
macrophage-tropic strains of virus (Meltzer and Gendel-
man, 1992; Meltzer et al., 1993). Lymphocytic interstitial
pneumonia is a prominent finding in sheep and goats
infected with the ovine and caprine lentiviruses—viruses
that replicate in macrophages but not lymphocytes (Zink
et al., 1987). In this study, the macrophage-tropic viruses
SIV/17E-Fr and SIV/DeltaB670 clones 2 and 12 predom-
inated in the lungs of all 11 infected macaques (Flaherty
et al., 1997; Reinhart et al., 1998). Nonetheless, macro-
phage tropism lone is not sufficient for the development
of pneumonia, since clone 3 replicated well in cultured
blood and BAL macrophages but did not selectively rep-
licate in the lung of macaques with pneumonia. Although
clones 2 and 12 were represented in the lung, the fre-
quency of their presence in the lung was equal to or
lower than that in the PBMC. In contrast, the frequency of
SIV/17E-Fr in the lung and BAL cells was higher than that
in PBMC. These data suggest that while clones 2 and 12
have the capacity to replicate in the lung and contribute
to the development of pneumonia in individual animals,
SIV/17E-Fr is more strongly pneumovirulent. Thus, patho-
genesis of SIV pneumonia is dependent on the selective
replication of particular substrains of macrophage-tropic
viruses that appear to be pneumovirulent. The fact that
these are viruses that are also found in the CNS sug-
gests that tissue-specific entry and replication is com-
mon to these strains. Unlike CNS disease, however,
pneumonia is not directly related to virus replication and
may be more dependent on host immune responses to
infection with the specific viruses.
MATERIALS AND METHODS
Viruses and inoculation of animals
The SIV/DeltaB670 stock used in these experiments
was originally obtained by coculturing lymph node tissue
from rhesus monkey B670, which had been infected with
SIVsmm with primary human PHA-stimulated PBMC
(Murphey-Corb et al., 1986; Zhang et al., 1988). Virus
stocks were produced by infecting primary rhesus pe-
ripheral blood lymphocytes. The animal infectious dose
(AID50) of SIV/DeltaB670 was determined by inoculating aeries of monkeys with 10-fold dilutions of cryopreserved
irus stocks. The AID50 was calculated by using software
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378 BABAS ET AL.developed by John Spouge (Spouge, 1992). The SIV/
DeltaB670 stock consists of at least 22 different geno-
types characterized by nucleotide sequencing of the hy-
pervariable region V1 of the envelope gene (Amedee et
al., 1995) and includes strains that replicate in lympho-
cytes and macrophages (Baskin et al., 1995; Reinhart et
l., 1998). SIV/DeltaB670 induces the full range of SIV-
ssociated disease, including immunosuppression, en-
ephalitis (Mankowski et al., 1997; Zink et al., 1997), and
neumonia (Baskin et al., 1991; Mankowski et al., 1998).
SIV/17E-Fr is a molecularly cloned macrophage-
ropic virus obtained by inserting the entire env and
ef genes and the 39 long terminal repeat of the
acrophage-tropic virus SIV/17E-Br into the backbone
f the lymphocyte-tropic clone SIVmac239 (Flaherty et
l., 1997). SIV/17E-Br was derived from SIVmac239 by
erial passage in rhesus macaques and was isolated
rom the brain of a macaque with fulminant encepha-
itis (Anderson et al., 1993; Sharma et al., 1992). SIV/
7E-Fr preferentially infects macrophages (Flaherty et
l., 1997) and induces pneumonia in 7 of 8 macaques
Mankowski et al., 1998). Infectious virus stock was
ade by transfecting SIV/17E-Fr into CEMx174 cells.
ourteen pigtailed macaques (M. nemestrina) were
sed in this study. Eleven age-matched macaques
ere intravenously inoculated with a mix of the two
irus stocks SIV/DeltaB670 (50 AID50) and SIV/17E-Fr
(10,000 AID50). Three age-matched, mock-inoculated
acaques were used as uninfected control animals.
acaques were euthanized at 3 months postinocula-
ion. Just prior to euthanasia, macaques were anes-
hetized using ketamine HCl followed by pentobarbital
nd perfused with sterile saline to remove potentially
nfected blood cells from the vasculature of the lung,
hus allowing accurate determination of viral geno-
ypes in the pulmonary parenchyma. Complete nec-
opsies were performed and all tissues were exam-
ned microscopically by two pathologists (M.C.Z.,
.L.M.).
athological assessment
Each macaque was given a pulmonary lesion severity
core of 0 (none), 1 (mild), 2 (moderate), or 3 (severe)
fter examination of both cranial and caudal lung lobes.
esions were classified as severe if infiltrating mononu-
lear cells obliterated large area of the pulmonary archi-
ecture, moderate if there was significant mononuclear
nfiltration of large areas of interstitium, and mild if there
ere multifocal areas of mononuclear infiltration in the
nterstitium. Except for the multinucleated giant cells
ften seen in the lungs of SIV-infected macaques, these
esions are similar in character to those reported for
IV-associated lymphocytic interstitial pneumonia (Joshi
t al., 1985; Pitt, 1991; Travis et al., 1992).D41 cell counts
Peripheral blood was taken from infected and control
acaques on days 7, 10, 14, and 28 postinoculation (pi)
nd every 2 weeks thereafter. Complete blood counts
ith differentials were performed using a Cell-Dyne 3500
Abbott, Dallas, TX). Cells were labeled with fluoro-
hrome-conjugated monoclonal antibodies to identify
D41 cells (Becton–Dickinson, Bedford, MA) as previ-
ously described (Martin et al., 1993). The absolute CD41
cell counts were determined by multiplying the percent-
age of CD41 cells by the absolute lymphocyte count.
T–PCR and PCR
To obtain BAL cells, macaque lungs were lavaged with
.9% saline solution and the recovered fluid was centri-
uged at 300 g for 10 min. Total RNA and DNA were
xtracted from BAL cell pellets as well as lung tissue and
BMC using RNAStat-60 (Tel-Test Inc., Friendswood, TX)
nd Qiagen kits (Qiagen, New Orleans, LA), respectively.
ive micrograms of total RNA was reverse transcribed to
DNA using the Superscript II kit (Life Technologies,
rand Island, NY), random hexamer primers, and 200 U
f reverse transcriptase. To amplify the V1 region of the
IV env gene, PCR was performed with 0.5 mg of cDNA
or 1 mg of DNA in the presence of 1 mM each primer, 2.5
of Taq polymerase (Perkin–Elmer, Foster City, CA), and
.5 U of pFU polymerase (Stratagene, La Jolla, CA). The
eaction buffer was 20 mM Tris–HCl, pH 8.8, 10 mM KCl,
0 mM (NH4)2SO4, 2 mM MgSO4, 1% Triton X-100, and
00 mg/ml BSA. The oligonucleotide primers used in the
first round PCR were 59 AGGAATGCGACAATTCCCCT 39
(6709–6728) and 59 TCCATCATCCTTGTGCATGAAG 39
7406–7385). The oligonucleotide primers used in nested
CR were 59 CAGTCACAGAACAGGCAATAGA 39 (6845–
866) and 59 TAAGCAAAGCATAACCTGGCGGT 39 (7327–
305). The template was denatured at 94°C for 1 min and
CR amplification was performed with an automated
NA thermal cycler (Applied Biosystems, Foster City, CA)
or 40 cycles of denaturation at 94°C for 30 s, annealing
t 55°C for 30 s, and primer extension at 72°C for 1 min.
T–PCR was performed on two different RNA extraction
amples.
loning and sequencing
PCR products from five independent amplifications
ere gel extracted using the Qiagen kit (Qiagen), pooled,
nd cloned into the blunt end pT7 blue vector using the
erfectly Blunt Cloning kit (Novagen Inc., Madison, WI).
ndividual colonies were transferred to ampicillin–agar
lates. After overnight incubation at 37°C, colonies were
ransferred to nitrocellulose filters for hybridization using
he 32P end-labeled oligonucleotide 59GAGACTAGTTCT-TGTATAGCCCAGG39 to probe for the SIV/17E-Fr se-
quence. Twenty randomly selected negative colonies
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379SELECTIVE REPLICATION OF SIV IN MACAQUE LUNGSwere grown from each master plate, and plasmid DNA
was purified using a miniprep kit (Qiagen) and prepared
for sequencing using sequenase and primers T7 (59CTA-
ATACGACTCACTATAGGG39) and U19 (59GTTTTCCCAGT-
CACGACGT39) in an automatic sequencer, ABI PRISM
3700 DNA Analyzer (Applied Biosystems). Viral envelope
sequences from the V1 region were analyzed using
MacVector 7.0 sequence analysis software (Oxford Mo-
lecular Ltd., CA).
Real-time RT–PCR
Viral RNA in plasma and lung tissue was quantitated
using a protocol previously described to measure viral
RNA in plasma and brain (Zink et al., 1999). Briefly, RNA
was extracted from lung tissue using RNAStat-60 buffer
followed by a DNase treatment using the RNeasy Kit
(Qiagen) to remove any contaminating genomic DNA.
The virus was pelleted from 0.5 ml of plasma and RNA
was extracted using the PureScript kit (Gentra Systems,
Minneapolis, MN) according to the manufacturer’s pro-
tocol. Two-step RT–PCR was performed in 96-well plates
(MJ Research, Watertown, MA) with 1 and 0.2 mg of lung
tissue RNA and RNA extracted from 0.5 ml of plasma
using primers and probe to the SIV gag gene on an ABI
PRISM 7700 Sequence Detection System (Applied Bio-
systems) as previously described (Hirsch et al., 1996;
uryanarayana et al., 1998; Zink et al., 1999). As an
nternal control, RNA copy numbers of cellular transcripts
f hypoxanthine phosphoribosyltransferase (HPRT) were
lso determined for tissue extracted RNA specimens
sed for SIV RNA quantitations.
ell culture and in vitro infection
To culture blood-derived lymphocytes, PBMC were
isolated from the blood of uninfected pigtailed macaques
by centrifugation on Percoll gradients (Amersham Phar-
macia, Upsala, Sweden) and PHA-stimulated for 3 days
then cultivated at 2 3 106 cells/ml in RPMI 1640 contain-
ng 10% fetal bovine serum, 0.5 mM sodium pyruvate, 1
M L-glutamine, 20 mg/ml of gentamicin, and 10 U/ml of
human recombinant IL-2. Blood and BAL macrophages
were obtained by cultivating PBMC and BAL cells, re-
spectively, for 5 days in macrophage differentiation me-
dia (RPMI medium containing 10% human AB type serum
and 1000 U/ml each of human recombinant GM-CSF and
M-CSF (Genetics Institute Inc., Cambridge, MA)). Nonad-
herent cells were removed by vigorous washing. IL-2-
activated lymphocytes and blood and BAL macrophages
were infected with SIV/DeltaB670 (50,000 cpm RT activ-
ity) from the same stock used to inoculate the macaques
and reverse transcriptase activity in the supernatant was
measured every 2 days. At 14 days after infection, cells
were washed to remove free virus, macrophages were
trypsinized from 30 min at 37°C, and total RNA was
isolated.
CStatistical analysis
The difference in viral RNA levels in lung homogenates
where SIV/17E-Fr was the only virus genotype present
(n 5 3) versus lung homogenates in which two or more
different viral genotypes were identified (n 5 8) was
analyzed using the Mann–Whitney nonparametric test.
The differences in genotype frequencies between lung
tissue and PBMC and between BAL and PBMC were
analyzed using the Mann–Whitney test. The individual
level differences in frequencies of detection between
lung tissue and PBMC and between BAL and PBMC for
the different genotypes (e.g., SIV/17E-Fr, CI-2, and CI-12)
were analyzed using the Wilcoxon signed rank test. Non-
parametric tests were used since the results (P values)
are conservative estimates versus equivalent parametric
tests (i.e., paired t test) when the data are from a normal
istribution and are more efficient otherwise.
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